Thermally stimulated discharge current measurements were performed to study slow relaxation processes in two canonical charge density wave systems K 0.3 MoO 3 and o-TaS 3 . Two relaxation processes were observed and characterized in each system, corroborating the results of dielectric spectroscopy. Our results are consistent with the scenario of the glass transition on the charge density wave superstructure level. In particular, the results directly prove the previously proposed criterion of charge density wave freezing based on the interplay of charge density wave pinning by impurities and screening by free carriers. In addition, we obtained new information on distribution of relaxation parameters, as well as on nonlinear dielectric response both below and above the threshold field for charge density wave sliding.
I. INTRODUCTION
A charge density wave ͑CDW͒ is a spatially modulated condensate of conducting electrons accompanied with a slight lattice distortion which stabilizes at a finite temperature in metallic crystals with a quasi-one-dimensional Fermi surface. 1 At the CDW transition temperature T P the gap opens at the Fermi level due to the new periodicity and the system becomes semiconducting.
Complex low energy dynamics of CDW systems, which include nonlinear conductivity above the threshold electric field as low as a few mV/cm, a giant low frequency dielectric constant as high as 10 8 , narrow and broadband noise in nonlinear regime, etc., result from spatiotemporal distortions of complex order parameter in interaction with random impurities and uncondensed electrons. 2 Extensive investigation of the dielectric response of CDW systems in a wide frequency and temperature range 3, 4 showed that qualitative changes in CDW dynamics take place at the finite temperature at which elastic, phase distortions of the CDW superstructure freeze due to the condensation of free carriers. At lower temperatures plastic distortions ͑topological defects͒ govern CDW dynamics.
As seen in dielectric spectroscopy, this freezing has all the characteristics of the glass transition observed in supercooled liquids, 5 such as the activated slowing-down of high temperature ͑primary or ␣͒ relaxational process, [6] [7] [8] [9] but particularly the emergence of the low temperature ͑secondary or ␤͒ relaxational process from the high frequency wing of the ␣ process upon cooling which becomes dominant 10 below the glass transition temperature T g . Moreover, at least in o-TaS 3 ͑Ref. 3͒ the temperature dependence of the characteristic relaxation time exhibits a critical slowing down, typical of the so-called fragile glasses. 11 In Fig. 1 , the characteristic relaxation times of both processes in K 0.3 MoO 3 and o-TaS 3 from Refs. 3 and 4 are presented in the so-called Angell plot, 11 i.e., the Arrhenius plot in which the temperature is rescaled to T g , being 23 K for K 0.3 MoO 3 and 42 K for o-TaS 3 .
The peculiarity of the CDW glass transition is that it occurs on the level of the CDW superstructure in a structurally ordered crystal. The disorder inherent to glasses comes from the interaction of CDW with random impurities, which destroy the long-range phase coherence and create domains of the correlated phase. 12 The disorder is manifested at the scale of micrometers, a typical domain size in CDW systems, 13, 14 instead of nanometers as in glasses. The interaction of domains is electrostatic in nature 15 and its strength depends on the availability of free carriers to screen this long-range Coulomb interaction and thus enable domains to relax. 16 Therefore, the inverse free carrier density ͑or average volume per free carrier͒ has the role of the generalized viscosity for CDW. The freezing occurs when the density of free carriers excited over the CDW gap is too low to screen the domains efficiently. It may be quantified as the density at which there is less than one free carrier per domain, based on the indirect evidence inferred from the dielectric spectroscopy results. 3, 4 As the mechanism of glassy behavior in CDW based on pinning and screening [16] [17] [18] [19] is rather wellfounded, the understanding of glass transition in CDW might help in understanding the glass transition in general. However, the concept of the mesoscopic glass of the superstructure has not been easy to accept either in CDW or in glass community and we are working on a better understanding and presentation.
This paper reports the results of the thermally stimulated depolarization 20 ͑TSD͒ method applied to two canonical CDW systems: K 0.3 MoO 3 and o-TaS 3 . TSD is used for the investigation of very slow dielectric relaxation processes in highly resistive and polarizable systems, such as CDW systems at low temperature, via the study of thermal relaxation effects. In this respect, TSD is a complementary method to dielectric spectroscopy. In many electret materials such as polymers, dipolar glasses, and semiconductors with impurities the TSD current spectra are used to observe different relaxation processes and to determine related microscopic parameters. 20 Our results confirm the existence of two relaxation processes in both o-TaS 3 and K 0.3 MoO 3 . They also confirm directly the proposed freezing criterion, 3, 4 as the results show that the volume density of the charge released during TSD is comparable to the domain density of both systems. Although parts of TSD spectra for these two systems were reported at several instances, 4, 21, 22 our extensive measurements in various conditions provide a new insight into CDW freezing at finite temperature.
II. EXPERIMENTAL PROCEDURE

A. Theory of thermally stimulated depolarization
The procedure of thermally stimulated depolarization relies on the assumption that the polarization in the sample induced by an external electric field "freezes" on cooling to sufficiently low temperature, i.e., its relaxation time becomes far longer than the experimental time scale. The relaxation of polarization, or depolarization, is subsequently induced by heating without the field. The depolarization current spectra j͑T͒ are recorded and used to obtain the characteristics of the polarizing mechanisms and the corresponding dielectric properties. Essentially, the polarizing mechanisms may be divided in two basic groups: the dipole orientation and free carrier trapping. The basic difference between these two groups is that in the case of the dipole polarization the separation of charge is local and remains local, whereas in the case of free carrier trapping the separation of charge occurs at large distances, i.e., the opposite charges are usually trapped near the corresponding contacts.
Typically, the sample is cooled in external ͑poling͒ electric field E pol from a high ͑poling͒ temperature T pol to some low temperature T start and, after removal of the field, heated using various heating schemes while the short-circuit depolarization current is measured. If the relaxation time of the induced polarization becomes comparable to the experimental time scale at some temperature, it will show up as a peak in the current spectrum at some temperature T max . However, if the investigated sample is not a very good insulator, additional "background" current will be recorded due to either the voltage burden of the current meter or the contact potential, which might hinder the observation of the TSD current. Several parameters, such as T pol , E pol , or the heating rate h may be varied, which enables the distinction of different processes, deduction of polarizing mechanisms, estimation of the static dielectric constant ⑀, and the characteristic relaxation time , as well as the nature and parameters of the distribution of microscopic processes.
Data analysis is usually based on theoretical results obtained for a simple dipolar ͑Debye͒ system of noninteracting dipoles with a constant microscopic dipole moment p 0 and the activated temperature dependence of relaxation times,
It also represents the oversimplified limit of the carrier trap model. The deviations from this simple model, such as complex carrier trap mechanisms, distributions of microscopic parameters ͑p 0 , 0 , and E act ͒, or a different temperature dependence of , are usually clearly seen in the results and in some instances may be even quantified.
In the Debye model the decay rate is proportional to the polarization itself dP / dt = P / , where is the relaxation time. As the depolarization current density j is a measure of the polarization ͑P͒ decay in time j͑t͒ = d͑P͑t͒͒ / dt, for the constant h = dT / dt, the result is j͑T͒ = hP͑T͒ / ͑T͒. Thus for low temperatures where P͑T͒ is still rather constant j͑T͒ should have the same activated temperature dependence as ͑T͒. This is used as the initial step in the analysis to obtain the effective activation energy E eff from
͑2͒
This E eff corresponds to E act only when is the same for all microscopic dipoles which is rarely the case. A more accurate estimate of E act results from the variation of the heating rate h. For the Debye model the peak in the current spectrum occurs at the temperature where d͑͑T͒͒ / dT =−1/ h which transforms to
This equation may be used to estimate eff for any peak in the current spectra from the known values of T max , h, and E eff . Varying h, the eff ͑T͒ dependence may be obtained and fitted to Eq. ͑1͒ in order to find E act which is not sensitive to the possible distribution of microscopic parameters. This value may then be used to recalculate eff ͑which does not affect the value of E act ͒. Moreover, for a range of distributions in which the tails fall off exponentially or faster, the distribution width may be obtained as w = E act / E eff . However, eff ͑T͒ might not depend on h at all, in which case the polarization may be assigned to carrier trapping. Temperature dependent polarization P͑T͒ may be reconstructed by integrating j͑T͒ in temperature as
The low temperature value of P͑T͒ provides information on the overall released charge per area P 0 and may be used to calculate the dielectric constant ͑or polarizability͒ as
By varying E pol a possible nonlinear dependence of ⑀ may be deduced. For dipoles, ⑀ is typically constant at low fields and decreases ͑P 0 saturates͒ at high fields, while for charge trapping ⑀ may first increase at low fields. Also, P 0 should remain constant in the variation of h for dipole polarization, while for charge trapping it may increase for high h.
͑T͒ may also be obtained directly from ͑T͒ = hP͑T͒ / j͑T͒, but again only if there is the unique for all microscopic processes. Otherwise, it will produce the same E eff as obtained from the initial current rise analysis.
Another method which helps to distinguish different processes and different distributions is the partial depolarization in which the sample polarized at high T pol is sequentially heated to and cooled from higher and higher "stop" temperatures T stop Ͻ T pol without applying an of electric field. This way, the fraction of processes below T stop is already relaxed and the "local" E eff near T stop may be obtained. The nonmonotonous dependence of E eff ͑T stop ͒ may point to the existence of overlapping processes. Moreover, for a distribution in 0 E eff will saturate to the value close to E act below T max of the full spectrum, while for the distribution in E act it will smoothly increase up to T max and will not reach E act obtained from h variation.
Finally, the comparison with the expression for the dielectric response of the Debye model allows for an approximate calculation of the temperature-dependent imaginary part of the dielectric function from the TSD current spectrum as
This relation is strictly true at T max and for a wider temperature range a variation of E act with temperature might be important.
From the analysis presented above it is evident that the thermally stimulated depolarization method represents a viable alternative to dielectric spectroscopy in highly resistive and polarizable systems as it may provide the basic parameters of slow dielectric relaxation processes. Moreover, complementary information on the nature of relaxation processes and the distributions of parameters may be obtained as well, so, depending on the goals of the research it may even be a more suitable method. We believe that our results support both of these hypotheses.
B. Experimental details
The TSD current was measured in two experimental setups. The first one is appropriate for currents above 10 −13 A and uses the Keithley 617 electrometer for current measurements and as the voltage source. The second one is appropriate for currents as low as 10 −15 A but with the high current limit of 5 ϫ 10 −12 A using a custom-made current meter and voltage source. Typically, the first setup allowed measurements only down to 10 K, while the second allowed measurements down to liquid helium temperatures.
In our measurements T pol was selected to be about two times higher than the temperature at which the freezing of various processes was observed in dielectric spectroscopy. 3, 4 Both E pol and h were varied for at least two orders of magnitude and we performed the partial depolarization as well.
We varied E pol in order to study the effect of a well-known strong variation of CDW conductivity with an applied electric field on TSD spectra. The variation of h samples different effective relaxation times and partial depolarization allows the investigation of the distribution of relaxation processes as well as the distribution of microscopic parameters.
Non-negligible contribution from the background current due to the finite conductivity of samples had to be subtracted from experimental data in order to extract the TSD current. Fortunately, this background was reproducible throughout our measurements, which was verified several times. Approximate temperature dependence of the background current has been I bg = I 0 exp͑−E 0 / T͒ with I 0 = 2.2 ϫ 10 −3 A and E 0 = 470 K between 15 and 50 K for K 0.3 MoO 3 and I 0 = 6.3ϫ 10 −6 A and E 0 = 520 K between 20 and 60 K for o-TaS 3 . Below these temperature ranges I bg was of the order of the noise level. I bg also restricted the quality of the TSD spectra for low applied electric fields.
Three samples of K 0.3 MoO 3 and five samples of o-TaS 3 were used for measurements in two-contact configuration. Both the CDW transition temperature and the activated temperature dependence of the conductivity below T P showed good agreement with standard four-contact measurements performed on samples from the same batches, demonstrating that the contact resistance becomes negligible below T P . Some quantitative difference was observed between the TSD spectra of different samples, mostly for K 0. 
III. RESULTS
Figure 2 presents typical TSD spectra for K 0.3 MoO 3 and o-TaS 3 ͑sample I͒. These spectra were obtained in the saturation regime with the applied E pol much higher 23, 24 than E T at T pol . Two peaks were observed for each system, signifying the freezing of the slow relaxation processes at corresponding temperatures. In line with dielectric spectroscopy we named the high temperature peak ␣ and the low temperature peak ␤. For K 0.3 MoO 3 the ␤ peak appears more as an extra low temperature shoulder of the ␣ peak and may be dis-
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Freezing of low energy excitations in CDW J. Chem. Phys. 128, 094501 ͑2008͒ cerned as a peak only after the subtraction of the low temperature wing of the ␣ process. The peak currents I max of the ␣ process are 2.2ϫ 10 −8 A for K 0.3 MoO 3 and 1.3ϫ 10 −11 A for o-TaS 3 . However, current densities for the ␣ peak are very similar for two systems despite the difference of more than three orders of magnitude in sample cross-sections.
Various parameters extracted directly from the presented spectra or calculated according to the analysis presented in the previous section are given in Table I , together with the parameters obtained from dielectric spectroscopy. 3, 4 The comparison is quite favorable for the case of o-TaS 3 , while for K 0.3 MoO 3 the values from TSD are systematically higher than in dielectric spectroscopy. However, it was shown that both dc bias 6 and increased signal amplitude 25 in dielectric spectroscopy of CDW systems increase ⌬⑀ and , therefore it is not surprising that the ␣ process freezes at higher temperatures and has a higher polarizability in the saturated regime. The only parameter which is lower in TSD for both systems is the E act , reflecting the distribution of microscopic relaxation processes, as already demonstrated in dielectric spectroscopy. We will discuss these results in more detail later, when full sets of data for various procedures are presented.
We also roughly calculated the ⑀Љ͑T͒ from Eq. ͑6͒ for both systems and we present it in Fig. 3 together with the results of dielectric spectroscopy for several frequencies. 3, 4 The TSD results, which correspond to a very low frequency compared to dielectric data, seem a reasonable extrapolation, however, with substantially higher amplitudes for the ␣ process.
Even this rough analysis for a single TSD current spectrum for each system demonstrates that TSD is a viable alternative to dielectric spectroscopy for the study of very slow relaxation processes. In the following subsections we will discuss the results obtained for different TSD procedures we have applied in more detail, which also allowed the extraction of some additional information about relaxational processes.
A. Thermally stimulated depolarization in K 0.3 MoO 3
The TSD current spectra of K 0.3 MoO 3 obtained in different conditions are presented in Figs. 4-6 . Maximum E pol was restricted by the Joule heating and the maximum h by the temperature lag between the sample and the thermometer. Low-temperature/current data emerged from the noise level below 20 K only for the highest poling voltage ͓as seen in Fig. 4͑a͔͒ , so the E pol variation for the ␤ process could not be studied. For other, smaller K 0.3 MoO 3 samples the TSD current was even smaller and well inside the noise level below 20 K for any E pol . Low-temperature/current data in partial depolarization ͑Fig. 6͒ were obtained with the custom-made current meter specially designed for very low currents.
Figure 4͑a͒ evidently shows that both the peak position of the TSD current spectra and its value depend strongly on E pol , as observed previously. 4, 21 The E pol dependence of T max and P 0 for the ␣ process is presented in Fig. 5͑a͒ . At low E pol P 0 increases almost quadratically and then saturates above app. 200 mV/ cm, which is the value of E T at 50 K, i.e., T pol . The corresponding effective ⑀ 0 calculated from Eq. ͑5͒ therefore increases linearly up to an extreme value of 1.4ϫ 10 9 at E T and then starts to decrease slowly. T max shown in Fig. 4͑a͒ also increases with E pol up to 200 mV/ cm and then saturates above, while on the other hand E eff obtained from the initial current rise remains fairly constant and of the order of 380 K. This clearly reflects strong dependence of the CDW response on the electric field, as expected from dielectric measurements. 6, 25 It is particularly important in K 0.3 MoO 3 for which E T decreases strongly with temperature from a few 100 mV/ cm below T P down to a few mV/cm at 10 K. Therefore, in order to compare effective dielectric data obtained from TSD, the extrapolation to low E pol of about 10 mV/ cm, the typical excitation field in dielectric measurements, should be made. This gives ⑀ 0 of the order of 10 8 , T g below 26 K, and the effective relaxation time eff = 22 s calculated from Eq. ͑3͒, in a much better agreement with the dielectric data in Table I .
The overall released charge in saturation amounts to one electron per 8 ϫ 10 −16 cm 3 , while in the low field limit it is one electron per app. 8 ϫ 10 −14 cm 3 . The later value is very close to the average phase domain volume of 7 ϫ 10 −14 cm 3 estimated from x-ray diffraction, 14 explicitly confirming the freezing criterion we have suggested based on low field dielectric measurements, 4 as discussed in the Introduction. The h dependence of the TSD current spectra was studied in highest E pol in order to enable the measurement of the current spectra at very low heating rates. This dependence is very similar to the canonical case of the thermally activated independent dipoles. As evident in Fig. 5͑a͒ , the spectral shape does not change noticeably with h nor does P 0 = 1.4 C / m 2 . On the other hand, T max increases monotonously with h, facilitating the extraction of the temperature dependence of the effective relaxation time eff calculated from Eq. ͑3͒ and presented in Fig. 5͑b͒ . eff ͑T͒ increases in the activated manner over two decades and gives the distributionindependent activation energy of E act = 700 K, which is very close to E act obtained from ͑T͒ in dielectric measurements. The microscopic relaxation time is 0 =10 −8 s. The ratio of E eff from j͑T͒ to E act from the heating rate dependence is w = 2.3 indicating a broad distribution of relaxation parameters, much broader than in dielectric spectroscopy 4 where w = 1.6.
For the given eff , even if recalculated with E act , the freezing temperatures are still quite high compared those ob- 
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tained from the dielectric response, 4 which would be actually expected 6, 25 for E pol ӷ E T . Also from Fig. 4 it is obvious that for a comparison with small signal measurements the temperatures should be rescaled to substantially lower values which would produce a better agreement.
A small shoulder below 20 K in Fig. 5͑a͒ indicates the secondary peak related to the ␤ process observed in dielectric spectroscopy. The ratio of the maximum current of ␣ peak and the current at the low-T shoulder is about 10 3 , as compared to the 10 2 ratio of ␣ and ␤ processes in Ref. 4 . However, in K 0.3 MoO 3 below about 20 K the high temperature nonlinear regime disappears and a new one 26 sets in with a very high E T of about 10 V / cm. In this respect, we are well above the ͑high temperature͒ linear regime for the ␣ process, but well within the ͑low temperature͒ linear regime for the ␤ process, so we expect that at low E pol this ratio should approach 10 2 . Partial depolarization spectra in Fig. 6͑a͒ are obtained from two runs on the same sample under the same conditions, but with the current measured with different devices applicable for the corresponding current ranges. However, the resulting spectra are very close in the overlap region. E eff in Fig. 6͑b͒ obtained from the j͑T͒ slope in Fig. 6͑a͒ depends strongly on T stop , signifying distributed processes. Moreover, the crossover around 16 K shows that the contributions below and above this temperature come from different processes, which is in agreement with the existence of the ␣ and ␤ processes. E eff for the ␤ process increases all the way up to the temperature of the maximum in full TSD spectra at 19 K. On the other hand, E eff for the ␣ process saturates to the cutoff value of about 700 K ͑in agreement with the h variation results͒ above 30 K, which is lower than T max in the full spectrum. This indicates that the distribution of microscopic parameters of the ␤ process is in the activation energy E act , while for the ␣ process it is in the relaxation time 0 .
B. Thermally stimulated depolarization in o-TaS 3
The TSD current spectra of the ␣ process in o-TaS 3 , such as presented in Fig. 2 , could be obtained only for the highest E pol and h as even in this case the TSD current at T max was only about 10% of the background current. In this respect, all available data on the ␣ process are already presented in Table I . However, we may estimate the released charge corresponding to the ␣ process which amounts to one electron per 3 ϫ 10 −16 cm 3 . This is again in agreement with the estimates of the average phase domain volume of 1.2ϫ 10 −16 cm 3 obtained by the dark field electron microscopy, 13 and also confirming the freezing criterion we have suggested based on dielectric measurements 3 for o-TaS 3 . Unlike in K 0.3 MoO 3 , the effect of the increased released charge for E pol ӷ E T is substantially reduced due to the exponential increase of E T at low temperatures, 27 which is of the order of 100 V / cm near T max = 50 K, thus comparable with E pol .
In this subsection we present therefore the results obtained in different conditions only for the low temperature ␤ peak. With whiskerlike samples the TSD currents were substantially lower than in K 0.3 MoO 3 , so only a low current device have been used. The TSD current spectra of o-TaS 3 obtained in different conditions are presented in Figs. 7-9 . Figure 7 shows the TSD current spectra obtained for different E pol . They present two distinct phenomena, a narrow peak situated at T max = 16 K and a low temperature tail below app. 12 K, suggesting two polarizing mechanisms. This may be related to the existence of yet another very low temperature process ␤ 0 observed 3 in o-TaS 3 . Only for the highest fields do these two regimes merge to produce a very wide peak. E eff obtained from j͑T͒ is 20 K below 12 and 200 K above 12 K for the lowest E pol . As E pol increases the overlap of the peak and the low temperature tail smears these two regimes and at the highest E pol E eff = 30 K in the entire temperature range below the maximum. eff is about 200 s. The overall released polarization P 0 is presented in Fig. 7͑b͒ as a function of E pol together with the polarization released up to 12 K ͑P 12 K ͒. While P 0 , due mostly to the TSD current in the peak region, increases linearly up to 10 V / cm and then saturates, P 12 K remains linear for all E pol , which is the reason for the overlap of the two contributions for the highest E pol .
The corresponding effective ⑀ 0 calculated from P 0 as in Eq. ͑5͒ has a high value of 1.4ϫ 10 7 at low E pol which compares favorably with the low field dielectric spectroscopy data in Table I . For higher E pol it decreases due to the saturation for more than one order of magnitude. This type of E pol dependence is quite similar to independent dipoles apart from the much smaller saturation offset field which is of the FIG. 6 . ͑a͒ This TSD current spectra of K 0.3 MoO 3 obtained for partial depolarization with T pol =50 K, E pol = 1.4 V / cm, and h =7 K/ min. ͑b͒ E eff as the function of T stop in partial polarization as extracted from the TSD current spectra of K 0.3 MoO 3 in Fig. 6͑a͒. order of MV/cm for ordinary dipolar materials. Effective ⑀ 0 obtained from P 12 K is about 7 ϫ 10 5 , which is a few times smaller, but still of the order of magnitude of the ␤ 0 process. 3 However, P 12 K evidently does not correspond with the entire charge released through this very low temperature depolarization process as it overlaps with the peak at 16 K, so this ⑀ 0 is underestimated.
The h dependence presented in Fig. 8͑a͒ was studied in the highest E pol , so very low currents at low h could be measured. The spectra shapes are quite similar for different h, and so is P 0 =6ϫ 10 −2 C / m 2 . In Fig. 8͑b͒ the dependence of eff , calculated as in Eq. ͑3͒, is presented as the function of T max for different h. The activated dependence over two decades gives 0 =7ϫ 10 −10 s and E act = 420 K, which is again very close to E act obtained from ͑T͒ in dielectric spectroscopy. The ratio of E eff from j͑T͒ in the peak region to E act from heating rate dependence is w = 2 indicating a broad distribution of relaxation parameters, in agreement with dielectric spectroscopy results. 3 Partial depolarization spectra are presented in Fig. 9͑a͒ . E eff in Fig. 9͑b͒ obtained from the j͑T͒ slope in Fig. 9͑a͒ depends strongly on T stop , again signifying distributed processes. E eff increases monotonously all the way up to T max obtained in full TSD spectrum and then saturates to about 300 K, which is substantially lower than E act obtained from h variation. Just as for the ␤ process in K 0.3 MoO 3 , it indicates that the distribution of parameters of the ␤ process in o-TaS 3 is in E act as well.
IV. DISCUSSION
The measurements of the thermally stimulated depolarization current spectra in two canonical charge density wave systems o-TaS 3 and K 0.3 MoO 3 provided direct evidence of the existence of two slow relaxation processes in each system which freeze at finite temperatures. Dielectric properties calculated from the TSD spectra are in good agreement with the results of the dielectric spectroscopy. We were able to relate the high temperature ␣ and the low temperature ␤ processes from TSD and dielectric spectroscopy in both systems. Moreover, the charge released under the ␣ peak in the TSD spectra of both systems corresponds quite closely to the spatial density of one electron per CDW phase coherence domain. In our opinion, this is direct evidence that the freezing of the ␣ process in a CDW system is a consequence of the Coulomb interaction of distorted CDW which freezes the domain dynamics in the absence of free carrier screening, as we proposed previously. 3, 4 There are several features that distinguish the TSD spectra of the ␣ process obtained in CDW systems from typical TSD spectra obtained either for dipolar or trapping mechanisms. On the other hand, the independence of the released charge on the heating rate signifies that no fast carrier recombination process takes place and points to the dipolar origin FIG. 7 . ͑a͒ The TSD current spectra of o-TaS 3 obtained on sample II for various E pol with T pol = 30 K and h =2 K/ min. Straight lines are fits to the activated temperature dependence above and below 12 K. ͑b͒ P 0 and P 12 K as the function of E pol as extracted from the TSD spectra in Fig. 7͑a͒ . Straight lines indicate linear E pol dependence, while the dashed line is the guide to the eye corresponding to the saturation of P 0 at high E pol .
FIG. 8. ͑a͒
The TSD current spectra of o-TaS 3 obtained on sample III for various h with T pol = 30 K and E pol =45 V/ cm. ͑b͒ eff as the function of T max for different h extracted from the TSD spectra in Fig. 8͑a͒ . The line indicates the activated T max dependence with E act = 420 K and 0 =7ϫ 10 −10 s.
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Freezing of low energy excitations in CDW J. Chem. Phys. 128, 094501 ͑2008͒ of the TSD spectra. On the other hand, strong dependence of both P 0 and T max on E pol points to the space charge polarization. This discrepancy, however, might be reconciled in the case of CDW systems. The low energy excitations in CDW systems arise from interaction with random impurities which break a CDW in the domains of correlated phase separated by domain walls in which the phase is spatially distorted. As the spatial distortion of the CDW phase results in local charge excess, these domains may be roughly considered as dipoles. 16 In the absence of free carriers the domains are frozen due to a strong electrostatic interaction 15 and have no internal degrees of freedom. At higher temperatures the free carriers excited across the CDW gap screen the phase distortions to some extent and the domains acquire some highly constrained internal degrees of freedom resulting in overdamped, distributed low frequency relaxation. [16] [17] [18] [19] The charge released under the ␣ peak corresponds quite closely to the number of phase domains, but also to the number of free carriers at T max estimated from RT density and the activated temperature dependence of conductivity. 3, 4 In this respect the frozen domains, or more precisely the corresponding phase distortions, act as carrier traps similarly as in doped semiconductors. Also, the limiting, highest energy barrier obtained in TSD is again very close to the E act ͑CDW gap͒ obtained from the semiconducting temperature dependence of conductivity, signifying that the relevant energy scale for the domain relaxation is the energy of free carrier excitation over the CDW gap.
While the general features of the TSD spectra and the corresponding parameters obtained in various conditions are rather similar for the two CDW systems presented here, there is one essential difference. Both ⌬⑀ and j max ͑␣͒ in K 0.3 MoO 3 and o-TaS 3 are very similar. However, the ␤ peak/process in K 0.3 MoO 3 is more than one order of magnitude smaller than that in o-TaS 3 . One may also relate it to the temperature dependence of E T in these two systems, where E T of o-TaS 3 increases exponentially at low temperatures, while for K 0.3 MoO 3 it decreases strongly to very low values. It is just another manifestation of the same phenomenon. The data on the excess heat capacity due to the low energy excitations, 28 where this contribution in o-TaS 3 is shown to be almost two orders of magnitude larger than in K 0.3 MoO 3 , at least demonstrate that the number of phase defects in o-TaS 3 is substantially larger. From this observation other experimental differences might eventually be explained if it were shown that the CDW properties change qualitatively with the number of phase defects. However, it remains a pertinent question of these two canonical CDW systems which the present study cannot answer.
In conclusion, extensive measurements of the thermally stimulated depolarization current spectra in two canonical charge density wave systems o-TaS 3 and K 0.3 MoO 3 provided direct evidence of the freezing of the two relaxation processes at finite temperatures in each of these systems. For the high temperature ␣ process its CDW origin was confirmed, as well as the previously proposed 3, 4 freezing mechanism of the CDW phase based on interplay of pinning and screening. FIG. 9 . ͑a͒ The TSD current spectra of o-TaS 3 obtained on sample III for partial depolarization with T pol =30 K, h =10 K/ min, and E pol =45 V/ cm. ͑b͒ E eff as the function of T stop in partial polarization extracted from the TSD spectra in Fig. 9͑a͒ .
